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a b s t r a c t
Recent measurements of the neutrino mixing angle θ13 cap a decade of observations which have clearly
established the oscillation of neutrino flavor. Measurements of reactor νe disappearance over ∼km
distances have provided a precise value for this mixing angle. Detection of νe in beams of νµ from particle
accelerators also support a non-zero value of θ13, and comparisons between these two techniques are
sensitive to the remaining unknowns of neutrino oscillation. The unexpectedly large value for θ13 allows
for future tests of the neutrino mass hierarchy and CP-violation in neutrino oscillation. Measurement of
the energy dependence of reactor νe disappearance has been used to determine the larger neutrinomass-
squared difference,
∆m231 ≈ ∆m232. Consistency with observations of accelerator νµ disappearance
supports the three-flavor model of neutrino flavor oscillation.
© 2014 The Author. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-SA license
(http://creativecommons.org/licenses/by-nc-sa/3.0/).1. Introduction
During the past significant advances have beenmade in our un-
derstanding of neutrinos. The experimental evidence for neutrino
flavor oscillation is now overwhelming. As a result, lepton flavor
must be removed from the list of nature’s conserved quantities.
Observations of oscillation also strongly imply that neutrinos have
mass. At present, this poses a number of problems which impact
physics beyond the Standard Model. The presence of small neu-
trinomasses has broader consequences for the symmetry structure
of nature [1,2].
Four experiments represent key steps in our understanding of
neutrino oscillation. The first hint of oscillation came in 1968 with
the observation of a deficit of electron neutrinos from the sun by
the Homestake experiment [3]. This result suggested that either
we did not understand the nuclear processes powering the sun,
or that our model of neutrinos was faulty. Decades later, mea-
surements of the flux of neutrinos produced in the earth’s atmo-
sphere showed a deficit for muon neutrinos traversing the earth.
This deficit of atmospheric muon neutrinos was initially intimated
by the Kamiokande experiment and subsequently established in
1998 by the Super-Kamiokande experiment [4,5]. This result indi-
cated that the unexpected physical nature of the neutrino may be
causing the anomalous observations. A fewyears later, the Sudbury
Neutrino Observatory solidified this conclusion. By independently
measuring both the flux of electron neutrinos and the combined
∗ Tel.: +1 5014864254.
E-mail address: dadwyer@lbl.gov.
http://dx.doi.org/10.1016/j.dark.2014.05.001
2212-6864/© 2014 The Author. Published by Elsevier B.V. This is an open access articleflux of all three neutrino flavors, SNO showed that solar electron
neutrinos were changing flavor [6,7]. While neutrino oscillation
was a dominant model to explain this flavor change, other mech-
anisms were also consistent with observations. The KamLAND
experiment then observed the disappearance of electron antineu-
trinos produced in nuclear reactors across Japan [8,9]. The prob-
ability of disappearance varied with the antineutrino’s energy,
showing the clear disappearance–reappearance oscillatory pattern
expected from flavor oscillation. The oscillation amplitude and fre-
quency also matched that needed to explain solar electron neu-
trino measurements. This result firmly established the model of
neutrino flavor oscillation, and indicated that neutrinos havemass.
Models of flavor oscillation rely on the assumption that the neu-
trino mass eigenstates are not equivalent to their weak interaction
eigenstates. Instead, the flavor eigenstates (νf ) are related to the





In the three-flavor model (f ∈ {e, µ, τ }), the unitary matrix Ufm
is referred to as the Pontecorvo–Maki–Nakagawa–Sakata (PMNS)
matrix. It is commonly parameterized with three angles, θ12, θ23,
θ13, and one complex off-diagonal phase, δCP . These parameters set
the amplitude of flavor oscillation. In addition, the frequency of fla-
vor oscillation are determined by the differences in the squares of
the neutrinomasses∆m2ji = m2j −m2i . Recent and current neutrino
oscillation experiments aim to measure these six model parame-
ters, aswell as test the validity of the three-flavor oscillationmodel.
The past decade has shown significant progress in themeasure-
ment of the parameters describing neutrino oscillation. In addition
under the CC BY-NC-SA license (http://creativecommons.org/licenses/by-nc-sa/3.0/).
32 D.A. Dwyer / Physics of the Dark Universe 4 (2014) 31–35Table 1
Three-flavor neutrino oscillation parameters.
Parameter Value Primary measurement techniques
θ12 34°± 1° Solar νe disappearance, reactor νe disappearance
θ23 45°± 8° Atmospheric νµ disappearance, accelerator νµ disappearance
θ13 8.7°± 0.4° Reactor νe disappearance, accelerator νe appearance
∆m221 +(7.50+0.19−0.20)× 10−5 eV2 Reactor νe disappearancea
∆m231 ,∆m
2
32 ±(2.4± 0.1)× 103 eV2 Accelerator νµ disappearance, reactor νe disappearanceb
δCP Unknown Future accelerator νe , νe appearance
a Solar νe disappearance determines the sign of ‘∆m221 × cos 2θ12 ’ via the MSW effect.
b Current experiments are unable to discriminate these two oscillations at nearly identical frequency, reporting only a single effective frequency∆m2µµ or∆m
2
ee .to solar, atmospheric, and reactor neutrinos, neutrinos generated
using particle accelerators have also contributed to constraining
these parameters. Table 1 summarizes the current estimates, as
well as the techniques used to determine each value.
The most dramatic recent result has been the determination of
the third mixing angle, θ13. Around the turn of the millennium,
measurements of reactor electron antineutrinos at a distance of
∼1 km showed no evidence of disappearance [10,11]. These results
had limited θ13 to < 11° at 90% C.L. Many theoretical models
were then developed which predicted that this mixing angle
would be exactly or nearly zero. As the precision of solar and the
KamLAND measurements improved, slight ∼1σ tension between
their estimates of θ12 suggested that θ13 may not be zero [12,13].
Two techniques were used to pursue θ13: precision measurements
of reactor electron antineutrino disappearance, and searches for νe
appearance in long-distance beams of accelerator νµ. The progress
in these two approacheswill be discussed in the following sections.
2. Reactor measurements
Nuclear reactors have played a prominent role in our under-
standing of the neutrino. The first definitive detection of any neu-
trino was achieved in the 1956 using the νe emitted by a reactor at
the Savannah River Site [14]. As discussed in the previous section,
measurement of reactor antineutrinos by the KamLAND experi-
ment helped establish neutrino flavor oscillation. Reactors facili-
tated such measurements by their prolific production of νe,∼1021
per second per gigawatt of reactor thermal power. Reactor νe also
provide a distinct signal via inverse beta decay,
νe + p → e+ + n. (2)
Measurement of the energy of the resulting positron allows de-
termination of the νe energy via the kinematic relationship Eν ≈
Ee+ +me + 0.8 MeV. Detection of the neutron via nuclear capture
provides a correlated signal slightly delayed in time relative to the
positron. This distinct delayed-coincidence pair of signals signifi-
cantly reduce the background for detection of νe interactions.
In the three-flavor oscillation model, the probability for a reac-
tor νe of energy E to be detected as a νe after propagating a distance
L is given by,
Pνe→νe = 1− cos4 θ13 sin2 2θ12 sin2∆21
− sin2 2θ13(cos2 θ12 sin2∆31 + sin2 θ12 sin2∆32), (3)
where ∆ji ≃ 1.267L [m]∆m2ji [eV2]/E [MeV]. Given that reactor
antineutrinos extend only to energies up to∼10MeV, inverse beta
decay is kinematically forbidden for muon and tau antineutrinos.
Therefore, oscillation is observed as a disappearance of νe versus
distance from the reactor. TheKamLANDexperimentmeasured the
large-amplitude disappearance driven by the θ12 and ∆21 term in
Eq. (3), with an oscillation length of∼60 km. Oscillation due to θ13
appears as a small-amplitude disappearance due to the last term inFig. 1. Reactor νe oscillation survival probability versus distance from reactor (blue
line). The probability is averaged over the energy spectrumof reactor antineutrinos,
and weighted by the inverse beta decay cross section. The prominent deficit at
60 km is due to oscillation driven by the
∆m221mass difference, while the deficit at
1.6 km is due to
∆m231 ≈ ∆m232. The small value of θ13 relative to θ12 determines
the corresponding amplitudes of neutrino flavor change.
Eq. (3),with an oscillation length of∼1.6 km. Fig. 1 shows the prob-
ability calculated according to this equation, averaged over the en-
ergy spectrum of reactor νe and weighted by the cross section for
inverse beta decay.
Three experiments recently set out to measure θ13 using reac-
tor antineutrinos: the Double CHOOZ experiment in the Ardennes
region of France [15], the Daya Bay experiment near Dapeng City in
the Guangdong province of China [16], and the RENO experiment
near Yeonggwang city in South Korea [17]. The precision of previ-
ous experiments were limited by uncertainties of a few percent in
the knowledge of the absolute flux of nubare emitted from nuclear
reactors. To obtain higher precision, this generation of experiments
relied onmultiple detectors tomake a relativemeasurement of an-
tineutrino disappearance [18]. Detectors near the reactors deter-
mined the total νe flux, while far detectors (∼1–2 km) measured
the intermediate disappearance.
All three experiments used a similar three-zone detector
design. At the center of each detector is a multi-ton antineutrino
target made of liquid scintillator. The scintillator in the target
contained 0.1% of natural Gadolinium by mass. The 8 MeV of
gamma ray energy released by neutron capture on Gd served as a
pronounced signal of an inverse beta decay interaction within the
target region. The target region was nested within an additional
multi-ton liquid scintillating region. This region has no Gd, so it did
not serve as the primary antineutrino target. This region’s purpose
was to increase detector efficiency by absorbing gamma rays
which happen to escape the target region. This region was further
surrounded by an inactive zone of mineral oil which shielded
the scintillating regions from external radiation. Photomultipliers
mountedwithin this region detected the scintillation light emitted
by particle interactions within the detector.
The main differences between the three experiments were
given by their size and layout. The two reactors at the Double
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tors at the RENO and Daya Bay sites had total powers of 16.8 and
17.4GWth respectively.While theDouble CHOOZ and RENO exper-
iments each planned for one near and one far detector, the Daya
Bay experiment built four near and four far detectors. Each target
was 8, 16, and 20 tons respectively for the Double CHOOZ, RENO,
and Daya Bay experiments. The statistical precision of the rates
measured by the far detectors drive the initial sensitivity of each
experiment. As a result of the design choices, the Double CHOOZ,
RENO, and Daya Bay experiments detect approximately 36, 75, and
290 νe per day respectively in their far detectors.
The Double CHOOZ experiment was the first to announce a
measurement [19]. In November of 2011 they reported an an
indication of νe disappearance using 101 days of data. During this
time, 4121 νe candidate events were identified in the far detector.
They had not yet built their near detector, so the combination of
low statistics and uncertainty in absolute reactor flux and detector
efficiency limited the precision of their measurement. They
estimated sin2 2θ13 = 0.087±0.041(stat)±0.030(syst) at 1σ . The
result provided new evidence (1.7σ ) that θ13 might not be zero.
In March of 2012, Daya Bay reported a 5.2σ discovery of νe
disappearance [20]. Although construction of the experiment had
not yet finished, 55 days of data had been collected with 6 of the
planned 8 detectors. A total of 10,416 and 80,376 νe candidate
events had been detected at the three far and three near detectors
respectively. Comparison of the consistent rates measured by
side-by-side detectors helped to confirm studies of the relative
efficiency between detectors. A value of sin2 2θ13 = 0.092 ±
0.016(stat) ± 0.005(syst) was found, just below the limit placed
by the previous generation of experiments.
This result was quickly followed by a similar observation by
the RENO experiment [21]. In April of 2012, they announced a
4.9σ detection of νe disappearance. Using 17,102 and 154,088 νe
candidates detected in their far and near detectors respectively,
they estimated sin2 2θ13 = 0.113± 0.013(stat)± 0.019(sys).
Over the following year, a series of improved results were
reported. The Double CHOOZ experiment updated their result
using ∼8000 νe candidates from their far detector [22]. By study-
ing inverse beta decay interactions where the neutron captured
on 1H instead of Gd, they obtained a higher statistical precision
(17,000 interactions) at the cost of higher uncertainties due to
background [23]. Taking advantage of periods where one or both
of the nuclear reactors were shut down, they obtained an inde-
pendent measurement of their backgrounds [24]. The RENO ex-
periment updated their result in March of 2013, finding 30,000
and 2.8 × 105 interactions in their far and near detectors respec-
tively [25]. The Daya Bay experiment used 29,000 far and 2.0×105
near interactions to update the estimate of θ13 in November of
2012 [26]. In August of 2013, Daya Bay reported a result includ-
ing 42,000 far and 3.0e×105 near interactions, finding sin2 2θ13 =
0.090+0.008−0.009 [27]. This 5% precision on the value of θ13 is the most
precisemeasurement to date. This quick succession of increasingly
precise measurements demonstrated the power of using intense
reactors and identical detectors to observe neutrino oscillation.
The Daya Bay experiment also measured an energy-dependent
distortion of the positron energy spectrum. The deviation was
found to be consistent with neutrino oscillation. The observed
oscillation frequency provided an independent estimate of the
larger neutrino mass difference,
∆m231 ≈ ∆m232. To avoid
ambiguity introduced by the yet undetermined neutrino mass
hierarchy, the result was reported as the electron-to-electronmass
difference
∆m2ee = (2.59+0.19−0.20) × 10−3 eV2. The correspondence
is
∆m2ee ≃ ∆m231±2.3×10−5 eV2, assuming the normal (+) or
inverted (−) hierarchy. Themass difference agreeswith ∆m2µµ =
(2.41+0.09−0.10)×10−3 eV2, measured using the disappearance ofmuonFig. 2. The 1, 2, and 3σ allowed region for from the most recent measurement
by the Daya Bay experiment (colored regions). The mass-squared difference
measured using reactor νe disappearance,
∆m2ee, is consistent with that measured
using accelerator νµ disappearance,
∆m2µµ, supporting the three-flavor model of
neutrino oscillation. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
Source: Figure taken from [27].
Fig. 3. A summary of the recent measurements of sin2 2θ13 . In 2011, tension
between the existing solar neutrino and KamLAND measurements, as well as
accelerator νe appearance hinted that θ13 might not be zero. In 2012, observations
of reactor νe disappearance established the non-zero value of θ13 . In 2013,
improved precision from reactor experiments allows for improved interpretation
of accelerator νe appearance measurements.
neutrinos at GeV-energies [28]. The consistency of the observed
mass differences for neutrinos and antineutrinos of different
flavors and energies strongly supports the three-flavor model of
neutrino oscillation. Fig. 2 shows the favored region of parameter
space for θ13 and
∆m2ee from the latest Daya Bay measurement.
Fig. 3 summarizes all of the recent measurements of θ13 discussed
in this note.
3. Accelerator measurements
Neutrinos and antineutrinos produced using particle accel-
erators have also had an impact on our understanding of the
neutrino. The muon neutrino was first observed using a νµ beam
generated at the Alternating Gradient Synchrotron in 1962 [29].
The disappearance of∼GeV νµ over a distance of 735 km provided
the current bestmeasurement of the larger neutrinomass splitting,∆m232 ≈ ∆m231. Given that it was not possible to discriminate
the contributions of the two nearly degenerate mass differences,
the result was reported as a single effective value
∆m2µµ [28].
Searches for the appearance of νe(νe) in accelerator beams of
νµ(νµ) are also sensitive to the value of θ13. In the three-flavor
34 D.A. Dwyer / Physics of the Dark Universe 4 (2014) 31–35oscillation model, the probability for such appearance is approx-
imately,
Pνµ→νe ≃ sin2 θ23 sin2 2θ13
sin2 [(1− x)∆31]
(1− x)2
+α2 cos2 θ23 sin2 2θ12 sin
2(x∆31)
x2





× (cos∆31 cos δCP − sin∆31 sin δCP). (4)
In this expression, α ≡ ∆m221/∆m231. Neutrino interaction with
matter in the earth results in x ≡ 2√2GfNeE/∆m231, whereGf is the
Fermi constant and Ne is the average electron density in the earth
traversed by the neutrino beam. This probability encompasses all
neutrino oscillation parameters: the three mixing angles, the large
and small mass differences, the neutrino mass hierarchy (i.e. the
sign of ∆m231), and even the off-diagonal complex phase δCP . The
comprehensive nature of this probability is both an advantage and
disadvantage for experiments. Measurements of accelerator νe ap-
pearance provide sensitivity to all parameters, but it is difficult to
determine the value of any single parameter. Measurement of both
νe and νe appearance allow experiments to break some degeneracy
in the parameters.
In 2011, the Tokai to Kamioka (T2K) experiment observed 6νe-
like interactions from their νµ beam [30]. The MINOS experiment
also reported a slight excess of νe-like interactions, althoughwith a
large background [31]. By 2013, the T2K had detected a total of 11
νe-like interactions [32], and MINOS also continued to see a slight
excess [28]. While these experiments could not provide a precise
estimate of θ13, they provided further support that θ13wasnot zero.
More recently, the T2K experiment has reported a total of 28νe-like
interactions [33]. This measurement shows a slight 1 to 2σ ten-
sion with the reactor measurements of θ13, depending on the true
values of the other oscillation parameters. The tension slightly fa-
vors sin2 θ23 = 0.6, δCP = −π/2, and the normal mass hierarchy.
This observation demonstrates how precisemeasurements of indi-
vidual neutrino oscillation parameters help to break oscillation de-
generacies, allowing more powerful interpretation of results from
accelerator νe appearance. The T2K experiment will continue to
collect data, while the NOvA experiment will soon begin taking
data. These experiments may shed further light on neutrino oscil-
lation over the next fewyears. The planned Long-BaselineNeutrino
Experiment (LBNE) intends to have the greatest sensitivity to the
remaining unknown neutrino oscillation parameters. The signifi-
cant size of θ13 not only facilitates this future accelerator program,
but also allows for tests of the neutrino mass hierarchy using reac-
tor and atmospheric neutrinos [34].
4. Conclusion
The past two years have shown dramatic progress in our under-
standing of the mixing angle θ13. From measurements of reactor
νe disappearance, we now know θ13 is not zero. The 0.5° precision
given by these measurements of θ13 is significantly better than our
knowledge of the other two mixing angles. Reactor antineutrinos
also provide an independent measurement of the larger neutrino
mass difference
∆m2ee, which strongly supports the three-flavor
oscillation model. Combination of this result with measurements
of νe appearance in accelerator beams of νµ provide a powerful
method to probe the remaining unknown parameters of neutrino
oscillation. The establishment of the flavor oscillation of neutrinos
demonstrates that lepton flavor is not a conserved quantity in na-
ture, and implies that neutrinos have mass. We do not yet know
how to correctly include massive neutrinos into a new StandardModel, or the implications that this change has on our understand-
ing of nature.
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